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Abstract: We study the effect of the magnetic field on the collisional energy loss of
heavy quark (HQ) moving in a magnetized thermal partonic medium. This is investigated
in the strong field approximation where the lowest Landau level (LLL) becomes relevant.
We work in the limit g
√
eB  T  √eB which is relevant for heavy ion collisions. Effects
of the magnetic field are incorporated through the resummed gluon propagator in which
the dominant contribution arises from the quark loop. We also take the approximation√
eB  M , M being the HQ mass, so that the HQ is not Landau quantized. It turns
out that there are only two types of scatterings that contribute to the energy loss of HQ;
the Coulomb scattering of HQ with light quarks/anti-quarks and the t-channel Compton
scattering. It is observed that for a given magnetic field, the dominant contribution to
the collisional energy loss arises from Compton scattering process i.e., Qg → Qg. On the
other hand, of the two processes, the Coulomb scattering i.e., Qq → Qq is more sensitive
to the magnetic field. The net collisional energy loss is seen to increase with increase in
the magnetic field. For a reasonable strength of the magnetic field, the field dependent
contribution to the collisional energy loss is of the same order as to the case without
magnetic field which can be important for the jet quenching phenomena in the heavy ion
collision experiments.
1Corresponding author.
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1 Introduction
Experimental observations suggest that the Heavy Ion Collisions (HICs) create a novel
state of matter consisting of deconfined light quarks and gluons, called the Quark Gluon
Plasma (QGP). There are a plethora of theoretical studies investigating various properties
of QGP governed by Quantum Chromo Dynamics(QCD) at high temperature(T). More
recent developments indicate production of a strong magnetic field, with an initial strength
few times the pion mass square, i.e., eB ∼ m2pi at RHIC and few tens of pion mass square
i.e., ∼ 15m2pi at LHC in a non-central HIC [1–6]. The existence of such a magnetic field
opens up new directions towards the theoretical studies of properties of QGP leading to
diverse experimental consequences. The imprint, the magnetic field lays on QGP brings
in some of the most important theoretical studies including Chiral Magnetic Effect(CME)
[7, 8], Chiral Magnetic Wave leading to a charge-dependent elliptic flow [9–12], transport
properties of QGP in magnetic field [13–15], quarkonia suppression [16, 17], dilepton and
photon production [18, 19], HQ drag and diffusion coefficients [20, 21], jet quenching [22]
etc. To what extent the magnetic field embosses its influence on the deconfined medium
depends on several salient properties of the HICs at the early stage. Despite high initial
strength, the magnetic field eventually decays at a significant rate.
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The initial dynamics of the system of deconfined matter plays a pivotal role in deciding
the longevity of the magnetic field at the later stages. It can be hypothesized that the
magnetic field can induce an amount of electrical conductivity which becomes adequate
enough for the decaying magnetic field to persist [19, 26–28]. This in turn can induce a
current which opposes the rate of decrease of the magnetic field as per Lenz’s Law [23–
25]. Therefore, it is imperative that the external magnetic field persists long enough so
that it can impart crucial effects on various properties of the medium. It is instructive
to investigate the effect of this field on the space-time evolution of the medium. Some
studies are trying to see this effect by reconstructing Hydrodynamic evolution in presence
of magnetic field, i.e. Magneto hydrodynamics [29–31].
In the case of QGP, a more realistic approach of estimation of the magnetic field and
its relaxation time must include the medium effects i.e., electrical conductivity (σ) of the
medium. The phenomenological models that are used to describe QGP evolution show that
the strongly interaction system in HICs is thermalised just after the collision (τ ∼ 0.5fm)
where magnetic field is near its maximum value [32, 33]. In a conducting medium, magnetic
field satisfies a diffusion equation with diffusion coefficient (σµ)−1, where µ is the magnetic
permeability. With this one finds that the time scale over which magnetic field remain
reasonably strong over a length scale L is τ = L2σ/4 [34]. For the electrical conductivity
σ ' 0.04T from Ref.[35] at T = 200 MeV, the electrical conductivity σ = 8MeV. This leads
to the relaxation time τ ∼ 1 fm for a system size of the order of 10 fm. This also suggest
that the magnetic field is a slowly varying function of time and can remain reasonably
strong for a longer period of time compared to the case of without a medium. For higher
temperatures σ will be higher [36] increasing the value of τ . Further, it is shown in Ref.[33]
in an expanding medium the magnetic field remain somewhat constant for a longer time.
Consequently, it is of utmost importance to explore to what extent the magnetic field
inside QGP affects different observables of the deconfined matter. To this end, surveying
the in-medium properties of heavy quarks [37–39] and quarkonia have become quite relevant
in the context of magnetic field [16, 17, 40–50]. However, since the HQs are moving in
real time inside the QGP, understanding and estimating the dynamical properties of HQs
are also necessary. In this context, transport coefficients like drag and diffusion of HQ
have been estimated in presence of a strong external magnetic field in some of the recent
literatures [20, 21]. AdS/CFT has also been employed to have an estimation of the drag
force of HQ[51]. Most of the calculations with strong magnetic field have been performed
using perturbative QCD (pQCD) techniques in Leading Order (LO) of the strong coupling
αs in the limit M 
√
eB so that the motion of the HQ is not directly affected by
the external magnetic field. Nonetheless, the light quarks/anti-quarks are affected by the
magnetic field with the gluons remaining unaffected. The thermally equilibrated light
quarks are Landau quantized. The magnetic field also affects the gluon self energy through
the quark loop. Further they also affect the HQ light thermal parton scattering cross-
sections.
It is well known that a high energy particle created in the initial stages of the heavy
ion collision loses its energy in the medium by interacting with the medium partons. This
leads to the phenomena of jet quenching, which as anticipated many years ago, is one of
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the prominent probes of QGP [52–55]; for a recent review see Ref.[56]. Generally, there are
two types of processes that contribute to the energy loss namely; radiative process [57–59]
and collisional process[60–62]. Experimental results for quenching of heavy flavors[63] were
suggestive of including both radiative as well as collisional energy loss has been discussed
in Ref.[61, 65]. In the present investigation, we focus our attention to the collisional energy
loss of HQ in the background of a constant magnetic field which may be relevant for the
HICs as discussed in literature [65–69].
The present investigation intends to estimate the HQ collisional energy loss (−dE/dx)
in the low coupling regime and strong magnetic field. Specifically we will consider the
hierarchy in the scales i.e.,
√
αseB  T 
√
eB and
√
eB  M . To do so, we first
calculate the resummed gluon propagator in the strong magnetic field background. Let us
note here that only quark loop contributes to the resummed gluon propagator in the limit
eB  T 2. This resummed propagator is used to estimate the collisional energy loss. In
this hierarchy of scales, two types of processes contribute to the scatterings of HQ with the
light thermal partons affecting the HQ energy loss. As we shall see, the collisional energy
loss increases with the magnetic field and for a given magnetic field, the field dependent
contribution to the collisional energy loss could be similar in magnitude to the collisional
energy loss in the absence of magnetic field. This can be important for the jet quenching
in the heavy ion collisions.
The paper is organized as follows. In Sec.2, we standardize the mathematical nota-
tions, followed by a brief description of the real-time formalism. Further, in the real-time
formalism of thermal field theory, we also discuss the fermion propagator in Sec.3.1 and
resummed gluon propagator in Sec.3.2 in LLL approximation . In Sec.4, we discuss the
formalism to calculate HQ energy loss i.e., −dE/dx with descriptions of both the cases; (a)
when HQ is interacting with light quarks (Sec.4.1) and (b) HQ scattering with the ther-
mal gluons (Sec.4.2). Our findings are presented in Sec.5 with the relevant plots and the
possible explanation. In Sec.6, we summarize the present findings and discuss the possible
outlook. In the appendices, we present the detailed calculations of the gluon self energy in
a magnetized thermal medium and scattering amplitudes for the process Qg → Qg.
2 Set-up
For the present investigation, we assume here that the magnetic field is constant and is
along the zˆ direction i.e., ~B = Bzˆ. In the subsequent subsection, we shall discuss the
quark propagator in the real-time formalism of thermal field theory and in the presence
of such a magnetic field. For this purpose we use the following notation. The notations ‖
and ⊥ represents the components parallel and perpendicular to the magnetic field of the
corresponding quantities. For the metric tensor, we use
g‖µν = (1, 0, 0,−1) g⊥µν = (0,−1,−1, 0). (2.1)
The parallel (i.e., a‖µ = g‖µνaν) and perpendicular (i.e., a⊥µ = g⊥µνaν) components of a
four-vector aµ are represented as
a‖µ = (a0, 0, 0,−a3) a⊥µ = (0,−a1,−a2, 0). (2.2)
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The four-vector product (aµbµ = a · b) can be written as
a · b = a‖ · b‖ − a⊥ · b⊥. (2.3)
Similarly, both the components of square of a four-vector is
a2‖ = a20 − a23 a2⊥ = a21 + a22. (2.4)
3 Real-time formalism
In this section, we first summarize the basic formulation for real time thermal field theory
in the presence of magnetic field in a self contained manner that will be used to obtain the
results on energy loss. In thermal field theories (TFT), due to the Kubo-Martin- Schwinger
conditions, the time argument for the fields varies from 0 to −iβ, β being the inverse of
the temperature. In the real time formulation of TFT, the time contour can be deformed
to go from t = 0 to t = ∞ infinitesimally above the real axis and then back to t = −iβ
below the real axis leading to a 2× 2 matrix structure for the propagator. Corresponding
to different structure for the propagation along the contour, one can define the following
four functions e.g. for fermionic fields ψα(x), (α=1,2,3,4) as
S>(X,Y )αβ = −i〈ψα(X)ψ¯β(Y )〉 (3.1)
S<(X,Y )αβ = i〈ψ¯β(Y )ψα(X)〉 (3.2)
S(X,Y )αβ = −i〈Tˆ [ψ(X)αψ¯β(Y )]〉 (3.3)
S∗(X,Y )αβ = −i〈Tˆ ∗[ψα(X)ψ¯β(Y )]〉 (3.4)
Similarly, for bosonic fields i.e., Aµ(x) (µ = 0, 1, 2, 3), one can define the following propa-
gators
D>µν(X,Y ) = −i〈Aµ(X)Aν(Y )〉 (3.5)
D<µν(X,Y ) = −i〈Aν(Y )Aµ(X)〉 (3.6)
Dµν(X,Y ) = −i〈Tˆ [Aµ(X)Aν(Y )]〉 (3.7)
D∗µν(X,Y ) = −i〈Tˆ ∗[Aµ(X)Aν(Y )]〉. (3.8)
In the above, Tˆ and Tˆ ∗ are the time ordering and anti-time ordering operators respectively
which are defined as
Tˆ [A(X)B(Y )] = θ(x0 − y0)A(X)B(Y )± θ(y0 − x0)B(Y )A(X). (3.9)
Tˆ ∗[A(X)B(Y )] = θ(y0 − x0)A(X)B(Y )± θ(x0 − y0)B(Y )A(X). (3.10)
In terms of these four functions, the 2× 2 propagator is given by, e.g. for fermion fields
S =
(
S11 S12
S21 S22
)
≡
(
S S<
S> S∗
)
. (3.11)
– 4 –
Here, spinor indices in the second matrix are suppressed. The 11 component corresponds to
the conventional time ordered propagator while the 22 component corresponds to anti time
ordering as the contour ordering along the contour below the real axis is conversely ordered
in time. The off diagonal components correspond to the Wightman propagators. From the
definitions of the functions, it is clear that all the four functions are not independent and
are related by
S11 + S22 = S12 + S21. (3.12)
In the Keldysh representation, a linear combination of above causal propagators is used to
define the retarded (SR), advanced (SA) and Feynman (SF ) propagators as
SR = S11 − S12, SA = S11 − S21, SF = S11 + S22. (3.13)
Feynman propagator can also be obtained from the advanced and the retarded propagators
as
SF (K) =
(1
2 − f˜(k0)
)
[SR(K)− SA(K)] (3.14)
where f˜(k0) is the distribution function of the fermions. One can invert the relations of
Eq.(3.13) to re-write the propagators in the Keldysh basis in terms of those in the RA basis
as
S11(K) =
1
2
(
SF (K) + SA(K) + SR(K)
)
, (3.15)
S12(K) =
1
2
(
SF (K) + SA(K)− SR(K)
)
, (3.16)
S21(K) =
1
2
(
SF (K)− SA(K) + SR(K)
)
, (3.17)
S22(K) =
1
2
(
SF (K)− SA(K)− SR(K)
)
. (3.18)
It may be mentioned that these formulations can also be applied to nearly equilibrium
systems. For thermal equilibrium systems f˜(k0) becomes the Fermi-Dirac distribution
function. In the next section we discuss the quark propagator in the background of magnetic
field.
3.1 Fermion propagator in LLL
The retarded and advanced propagators (SR, SA) of a free quark of electric charge qf and
mass m in the presence of magnetic field B can be given as [70]
SR/A(K) =
∞∑
n=0
[
iΞn(K)
K2 −m2
]
k0→k0±i
(3.19)
where the retarded (R)/advanced (A) corresponds to +i/ − i. The sum is over all the
Landau levels (LLs) that is represented by n. Four momentum squared K2 = k20 − k2z −
2n|qfB|. All LLs except the lowest (n = 0) are doubly degenerate. The numerator of
Eq.(3.19) has the Dirac structure as [70]
Ξn(K) = (/k‖ +m)[P+Θn(ζ) + P−Θn−1(ζ)] + /k⊥Φn−1(ζ) (3.20)
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where ζ = 2 k
2
⊥
|qfB| and
Θl(ζ) = 2e−
ζ
2 (−1)lLl(ζ) (3.21)
Φl(ζ) = 4e−
ζ
2 (−1)l−1L1l−1(ζ). (3.22)
Ll(ζ) and L1l (ζ) are associated Laguerre Polynomials. In Eq.(3.19), the projection operator
(P±) that projects the spin in the direction of magnetic field is defined as P± = (1 ±
sgn(qfB)iγ1γ2)/2. Note, here that the projection operator depends on the electric charge of
the quark as the spin magnetic moment depends on the charge of the quark. As mentioned
earlier, we take the strong magnetic field limit so that only LLL is relevant. We shall
further assume that, at finite temperature
√
eB  T,m so that the dynamics of light
quark is governed by the magnetic field. In the LLL approximation the associated Laguerre
Polynomials L−1(ζ) = 0 and L0(ζ) = 1, so that Eq.(3.19) reduces to
SR/A(K) = i exp
(
− k
2
⊥
|qfB|
) 2(/k‖ +m)P+
k2‖ −m2 ± ik0
, (3.23)
and the Feynman propagator can be obtained from
SF (K) =
(1
2 − f˜(k0)
)[
SR(K)− SA(K)
]
≡
(1
2 − f˜(k0)
)
ρF (K). (3.24)
where f˜(k0) is Fermi-Dirac distribution function and ρF (K) is quark spectral density. From
Eq.(3.23), it is clear that in the limit k2⊥  qfB, the motion of a quark is restricted in the
transverse directions and allowed only in the direction parallel to the magnetic field. It
can also be observed that for the infrared limit i.e., m2, T 2, k2⊥, k20  eB, the dimensional
reduction from 3+1-dimension to 1+1-dimension takes place. This dimensional reduction
in the LLL approximation suggests that the pairing dynamics of quarks occurs in 1+1
dimension and spontaneous chiral symmetry breaking occurs even at weak interaction
between quarks in 3+1 dimension [71].
3.2 Resummed gluon propagator in LLL
Next we consider the resummed retarded/advanced gluon propagator in the presence of
magnetic field within the LLL approximation. The resummed propagator is obtained by
inserting the self energy corrections in the bare propagator and can be written as
DR/Aµν (K) = [(DR/Aµν (K))−10 + ΠR/A(K)µν ]−1 (3.25)
where the bare gluon propagator (DR/Aµν (K))0 in covariant gauge is given as
(DR/Aµν (K))0 = −
Pµν(K)
(k0 ± i)2 − k2 + ξ
KµKν
((k0 ± i)2 − k2)2 . (3.26)
In Eq.(3.26), the projection operator (Pµν(K) is defined as
Pµν(K) = −gµν + KµKν(k0 ± i)2 − k2 (3.27)
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and ξ is the gauge parameter. The retarded/advanced resummed gluon propagator depends
on the retarded/advanced gluon self energy that, in general, can get contribution from both
the gluon loop and the quark loop. The magnetic field does not affect the contribution
from the gluon loop. However, the magnetic field modifies the quark loop contribution.
The leading contribution from the gluon loop to the self energy at finite temperature T is
proportional to g2T 2 while we shall see that the leading contribution from the quark loop
at finite T,B is proportional to g2|qfB| as given in Eq.(A.12). Since we work in the limit
eB  T 2,m2, we shall drop the gluon loop contribution and keep quark loop contribution
in the retarded/advanced gluon self energies. Taking the magnetic field in the zˆ direction,
the most general form of gluon self energy at finite T and B can be written in terms of
seven independent tensors as
ΠR/Aµν (K) =
∑
j=‖,⊥,T,L
ΠR/A(K)jP jµν(K) + ΠP
KµKν
K2
+ Πnnµnν + Πbbµbν (3.28)
where L, T, ‖,⊥ respectively are for longitudinal, transverse, parallel and perpendicular
components of the gluon self energy. The four-vectors nµ = (1,0) and bµ = (0, 0, 0,−1),
break Lorentz and rotational symmetry due to thermal medium and the magnetic field re-
spectively. Further, the projection operators are transverse to the momentum i.e., PµPµνj =
0. It turns out that only the four projection tensors contribute to the retarded/advanced
self energies in the leading order. Explicitly these projection operators are given as
P Tµν(K) = −gµν +
k0
k2
[
Kµnν + nµKν
]
− 1
k2
[
KµKν +K2nµnν
]
, (3.29)
PLµν(K) = −
k0
k2
[
Kµnν + nµKν
]
+ 1
k2
[
k20
K2
KµKν +K2nµnν
]
, (3.30)
P ‖µν(k) = −g‖µν +
k
‖
µk
‖
ν
k2‖
, (3.31)
P⊥µν(k) = −g⊥µν +
k⊥µ k⊥ν
k2⊥
. (3.32)
The parallel and perpendicular components of self energy comes from the quark loop while
the longitudinal and transverse components are from the gluon loop. Taking contribution
from both quark and gluon loop the resummed retarded gluon propagator is given as [72]
DRµν(K) = −
1
∆(K)
[
(K2 −Π‖R(K)−ΠLR(K))P Tµν(K) + (K2 −Π‖R(K)−ΠLR(K))PLµν(K)
+ Π‖R(K)P
‖
µν(K) +D⊥(K)P⊥µν(K)
]
+ ξKµKν(K2)2 (3.33)
where
∆(K) = (K2 −ΠTR(K))(K2 −ΠLR(K))−Π‖R(K)
[
K2 − aΠTR(K)
K2
k2‖
− ΠLR(K)(1− a)
k20
k2‖
]
, (3.34)
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and
D⊥(K) =
1
K2 −ΠTR(K)−ΠLR(K)
[
Π‖(K)(ΠLR(K)−ΠTR(K))(1− a)
k20
k2‖
+ Π⊥R(K)(K2 −ΠLR(K)−Π‖R(K))
]
(3.35)
and a = k23/k2. In the LLL approximation for the propagator as in Eq.(3.23) lead to
Π⊥ = 0. This is due to the fact that there is no current in the transverse direction in
LLL approximation. All the expressions for the gluon self energies (ΠL,ΠT and Π‖ ) are
explicitly given in the appendix(A). As may be noted, the gluon loop contribution to the
gluon self energy is of the order of αsT 2 which can also be dropped with respect to the
quark loop contribution which is of the order of αseB. In this approximation, the resummed
retarded gluon propagator becomes
DRµν(K) = −
1
∆[(K
2 −Π‖R)(P Tµν + PLµν) + Π‖RP ‖µν +D⊥(K)P⊥µν ] + ξ
KµKν
(K2)2 (3.36)
where
PLµν + P Tµν = −gµν +
qµqν
q2
. (3.37)
Since D⊥(K) ∼ α2seBT 2  Π‖ ∼ αseB, the third term in Eq.(3.36) may be dropped.
Further as may be observed from Eq.(3.34) ∆ ≈ K2(K2 −Π‖(K)) with similar argument.
Thus Eq.(3.36), taking appropriate i factors into account, can be approximated as
DRµν(K) = −
Pµν(K)
(k0 + i)2 − k2 −
Π‖R(k0 + i,k)P
‖
µν(K)
K2(K2 −Π‖R(k0 + i,k))
+ ξ KµKν((k0 + i)2 − k2)2 . (3.38)
Similarly, the resummed advanced and Feynman gluon propagators can be written as
DAµν(K) = −
Pµν(K)
(k0 − i)2 − k2 −
Π‖A(k0 − i,k)P ‖µν(K)
K2(K2 −Π‖A(k0 − i,k))
+ ξ KµKν((k0 − i)2 − k2)2 , (3.39)
DFµν(K) = (1 + 2f(k0))
[
DRµν(K)−DAµν(K)
]
. (3.40)
We shall use Eqs.(3.38), (3.39) and (3.40) to estimate the HQ energy loss.
4 Formalism
In this section, we shall calculate the energy loss of HQ of massM , moving in a magnetized
thermal medium of light quarks/anti-quarks and gluons, with momentum p and energy
E =
√
p2 +M2. The rate of energy loss of a heavy fermion moving with velocity v in a
thermal medium has been considered earlier in Ref. [60, 61] for QED plasma and for QGP
in Ref. [62]. In general the energy loss of the heavy fermion is given by
− dE
dx
= 1
v
∫ ∞
M
dE′(E − E′) dΓ
dE′
(4.1)
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where Γ is the interaction rate of heavy fermion with the medium particles. For the
collisional energy loss, we confine our attention to 2 → 2 processes only as has been
considered earlier [62] . For large momentum of HQ, however, the energy loss by radiative
processes will also be important. In general, for the case of HQ moving in a QGP medium
of light partons there can be two types of scatterings namely the Coulomb scattering i.e.,
Qq → Qq and Compton scattering i.e., Qg → Qg. As mentioned, we shall consider the
limit M  √eB  T so that HQ is not directly affected by the magnetic field and the
light quarks are populated only in LLL. In the following sections we shall calculate the
interaction rate and subsequently estimate the energy loss of the HQ.
4.1 Energy loss due to scattering with light quark: Qq → Qq
The interaction rate Γ of the HQ is related to imaginary part of its retarded self energy in
the medium [73]
Γ(E) = − 12E (1− f˜(E))Tr
[
(/P +M)=ΣR(P )
]
(4.2)
where f˜(E) is Fermi-Dirac distribution function and ΣR(P ) is the retarded self energy of
HQ as shown in Fig.(1).
P P
K
P ′
Figure 1. Feynman diagram for heavy quark self energy. The bold solid line refers to HQ while
the curly line corresponds to gluon. The black blob here shows the gluon resummed propagator in
the presence of a magnetic field background. In the LLL, the contribution to the resummed gluon
propagator comes from the quark loop only.
In the RTF, similar to the retarded propagator Eq.(3.13), the retarded self energy can
be written in terms of 11 and 12 components of self energy as
ΣR(P ) = Σ11(P )− Σ12(P ). (4.3)
Using the propagators for quark and gluon in the Keldysh basis the retarded self energy of
HQ can be written as
ΣR(P ) = ig2(tatb)
∫
d4K
(2pi)4
[
Dµν11 (K)γνS11(P ′)γµ −Dµν12 (K)γνS12(P ′)γµ
]
. (4.4)
The HQ propagators are S11(K) = ( /K+M)∆11(K) and S12(K) = ( /K+M)∆12(K) where
∆11(K) and ∆12(K) are given as
∆11(K) =
1
K2 −M2 + i + 2piif˜(k0)δ(K
2 −M2) (4.5)
and
∆12(K) = 2piif˜(k0)δ(K2 −M2). (4.6)
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Here, f˜(k0) is the fermion distribution function of the HQ. With these simplifications,
Eq.(4.4) becomes
ΣR(P ) = ig2(tatb)
∫
d4K
(2pi)4
[
Dµν11 (K)γν( /P ′ +M)γµ∆11(P ′)
− Dµν12 (K)γν( /P ′ +M)γµ∆12(P ′)γµ
]
. (4.7)
It is easier for the evaluation of the retarded self energy to convert the Keldysh propagators
to the RA basis using the relations as given in Eqs.(3.15) and (3.16) for the propagators
Dµνab and ∆ab. Let us note that in Eq.(4.7), the propagators D
µν
11 and D
µν
12 are resummed
gluon propagators and S11, S12 for the HQ and hence the corresponding ∆11,∆12 are bare
propagators. Eq.(4.7) for the retarded self energy then can be rewritten as
ΣR(P ) =
ig2(tatb)
8
∫
d4K
(2pi)4
[
DµνF (K)λµν∆R(P
′) +DµνA (K)λµν∆R(P
′)
+ DµνR (K)λµν∆F (P
′) +DµνR (K)λµν∆A(P
′)
]
, (4.8)
where λµν = γµ( /P ′ + M)γν . The leading contribution to the self energy comes from the
gluon propagator arising in the soft momentum transfer limit i.e., |k| ∼ g√eB. In the
limit E  √eB  T  |k|, out of the four terms in Eq.(4.8) only the first term becomes
dominant. This is because DµνF involves gluonic distribution function. Thus Eq.(4.8)
reduces to
ΣR(P ) =
ig2(tatb)
8
∫
d4K
(2pi)4
[
D00F γ0( /P ′+M)γ0+2D0iF γ0( /P ′+M)γi+D
ij
F γi( /P
′+M)γj
]
∆R(P ′).
(4.9)
Using Eqs.(3.38),(3.39) and (3.40) in the Eqs.(4.2) and (4.8), the interaction rate of HQ
can be given as
Γ(E) = g
2
8E (1− f˜(E))
∫
d4K
(2pi)4 (1 + 2f(k0))Tr
[
(/P +M)γ0( /P ′ +M)γ0P 00‖
+ 2(/P +M)γ0( /P ′ +M)γiP 0j‖ + (/P +M)γi( /P
′ +M)γjP ij‖
]
ρL=(∆R(P ′))(4.10)
where
ρL =
2=Π‖R(K)
(K2 −<Π‖R(K))2 + (=Π‖R(K))2
. (4.11)
In the above equation, =ΠR‖ (K) and <ΠR‖ (K) respectively are the imaginary and the real
parts of retarded gluon self energy as defined in Eqs.(A.12) and (A.13). Further, let us
note that the imaginary part in the retarded self energy of HQ comes from the propagator
∆R(P ′) which can be written as
=(∆(P ′)) = − pi2E′
(
δ(E − k0 − E′) + δ(E − k0 + E′)
)
. (4.12)
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The second delta function in Eq.(4.12) does not contribution due to kinematic reasons
(k0 M). Therefore, we drop this term and continue with the first delta function. Thus,
the interaction rate becomes
Γ(E) = − g
2
8E (1− f˜(E))
∫
d4K
(2pi)4 (1 + 2f(k0))
[
(4EE′ + 4p2 − 4p · k+ 4M2)k2z + 8(E(p′ · k)
+ E′(p · k′))k0 + 4(p · (p− k) + EE′ −M2)k20
]
ρLpi
2E′k2‖
δ(E − k0 − E′). (4.13)
Since we are working in the limit where |k| ∼ g√eB  T so in this limit E  |k| and one
can write E′ =
√
(p′2 +m2) ≡ E − v · k. The delta function in the above equation can be
simplified as δ(E− k0 +E′) ∼ δ(k0−v ·k). Further, we assume that HQ moves parallel to
the magnetic field. The integration over azimuthal angle in Eq.(4.13) can be done trivially
and the integration over the polar angle can be done by using the energy delta function.
The energy loss is thus obtained as
−dE
dx
∣∣∣∣
Qq→Qq
= − g
2
2E (1− f˜(E))
∫ ∞
0
kdk
(2pi)2
∫ kv
−kv
k0dk0
2pi (1 + 2f(k0))
[
4(2E2 − 2Ek0)k20
− 4v2(2E2k0 − Ek2)k0 + 4v2(2E2 − 2M2 − 2Ek0)k20
]
ρLpi
2Ek20(v2 − 1)
.(4.14)
In the above equation we have used 1/E ≈ 1/E′ as the momentum of the gluon is soft.
The magnetic field dependence in the energy loss for Qq → Qq scattering comes through
ρL as defined in Eq.(4.11) which depends on the real and the imaginary parts of retarded
self energy of gluon.
4.2 HQ gluon Scattering: Qg → Qg
The other contribution to the HQ energy loss comes from the scattering of the gluons off
the HQ i.e., Q(P ) + g(K) → Q(P ′) + g(K ′) as shown in Fig.(2). We shall discuss this
process in some detail. The interaction rate is given as
P P ′
Q, δ, a
K K ′
c, µ b, ν
i j
Figure 2. Feynman diagram for heavy quark and gluon scattering. In the strong magnetic field
limit the contribution to the resummed gluon propagator comes from the quark loop only.
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Γ(E) = 12E
∫
dp′
(2pi)32E′
∫
dk
(2pi)32kf(k)
∫
dk′
(2pi)32k′ (1 + f(k
′))
× (2pi)4δ4(P +K − P ′ −K ′)|M¯|2 (4.15)
where |M¯|2 is the matrix element squared averaged over initial spin and color degrees of
freedom and summed over final spin and color for the Qg → Qg scattering and f(k) is the
gluonic thermal distribution function. Generally, there are three types of processes i.e.,
through s, t and u channels that can contribute to the total scattering amplitude for this
process. However, we are considering the strong magnetic field limit (LLL approximation)
i.e., M  √eB  T and assume that the effect of the magnetic field on HQ is suppressed
due to its large mass so that the s and the u channels, where HQ propagator arises, does
not give any additional contribution arising from the magnetic field. Therefore, the only
contribution to Eq.(4.15) comes from the t-channel scattering as shown in Fig.(2). Let us
note that as mentioned earlier the resummed gluon propagator has thermal contribution
(∼ αsT 2) from gluon loop and the magnetic field contribution (∼ αseB) from quark loop
in the gluon self energy. In LLL approximation, the thermal contributions are negligible as
compared with that of the magnetic field. Consequently, we shall use the resummed gluon
propagator as given in Eq.(3.38). The t−channel scattering amplitude can be written as
M = −ig2facbtaji[u¯j(P ′)γαui(P )]DRδα(Q)Cδµν(Q,K,−K ′)µ(K)∗ν(K ′) (4.16)
where Q = P − P ′ = K ′ − K is four-momentum vector for the exchanged gluon and we
have kept explicitly the color indices as in Fig.(2). The resulting matrix element squared
can be written after performing the color and spin sum over the final state and averaging
over the initial state as
|M¯|2 = 14g
4CFTr[( /P ′ +M)γα(/P +M)γα
′ ]DRδα(Q)DRδ′α′(Q)Cδµν(Q,K,K ′)
× Cδ′µ′ν′(Q,K,K ′)
∑
µ(K)µ′(K)
∑
ν(K ′)ν′(K ′)
= 14g
4CFTr[( /P ′ +M)γα(/P +M)γα
′ ]DRδα(Q)DRδ′α′(Q)
× Cδµν(Q,K,−K ′)Cδ′µν(Q,K,−K ′) (4.17)
where CF = 1/2 is the color factor and Cµνα(P,Q,R) = (P −Q)αgµν +(Q−R)µgνα+(R−
P )νgµα. To further simplify Eq.(4.17), we will use the transversality condition (K) ·K =
(K ′) ·K ′ = 0 for the gluons to obtain
Cδµν(Q,K,−K ′) = −2gδµKν + gµν(K +K ′)δ − 2gνδK ′µ
Cδ
′
µν(Q,K,−K ′) = −2gδ
′
µKν + gµν(K +K ′)δ
′ − 2gδ′ν K ′µ (4.18)
so that,
Cδµν(Q,K,−K ′)Cδ′µν(Q,K,−K ′) = 4(KδK ′δ
′ +K ′δKδ′). (4.19)
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The product of propagators that appear in Eq.(4.17) can be simplified to
DRδα(Q)DRδ′α′(Q) =
gδαgδ′α′
Q4
− Π
‖
R(Q)gδαP
‖
δ′α′ + Π
‖
R(Q)gδ′α′P
‖
δα
Q4(Q2 −Π‖R(Q))
+ (Π
‖
R(Q))2P
‖
δαP
‖
δ′α′
Q4(Q2 −Π‖R(Q))2
. (4.20)
The first term in Eq.(4.20) corresponds to the vacuum contribution. Since we are interested
in the medium contribution (i.e., T and B), we will not consider this term. The medium
dependent term that appears in Eq.(4.17) can be written in compact manner as
(DRδα(q)DRδ′α′(q))(Cδµν(K,K ′)Cδ
′
µν(K,K ′)) = Aαα′ + Bαα′ + Cαα′ (4.21)
where
Aαα′ = − 4Π
‖
R(q)
q4(q2 −Π‖R(q))
(KδK ′δ′ +K ′δKδ′)gδαP ‖δ′α′ (4.22)
Bαα′ = − 4Π
‖
R(q)
q4(q2 −Π‖R(q))
(KδK ′δ′ +K ′δKδ′)gδ′α′P ‖δα (4.23)
Cαα′ = 4(Π
‖
R(q))2
q4(q2 −Π‖R(q))2
(KδK ′δ′ +K ′δKδ′)P ‖δαP
‖
δ′α′ (4.24)
So Eq.(4.17), can be written as
|M¯|2 = 14 ×
1
2g
4(T αα′1 + T αα
′
2 )(Aαα′ + Bαα′ + Cαα′) (4.25)
where T αα′1 = Tr[ /P ′γα /Pγα
′ ] and T αα′2 = M2Tr[γαγα
′ ] are traces over Dirac space. Six
tensor contracted terms of Eq.(4.25) are simplified in appendix(B). Further simplification
leads to the final form of scattering amplitude as
|M¯|2 = 4g4 (Π
‖
R(Q))2
Q4(Q2 −Π‖R(Q))2
[(P.P‖.K)(P ′.P‖.K ′) + (P.P‖.K ′)(K.P‖.P ′)
+ (P.P ′)(K.P‖.K ′)]−
4g4Π‖R(Q)
Q4(Q2 −Π‖R(Q))
[(P.K)(P ′.P‖.K ′) + (P.K ′)(K.P‖.P ′)
+ (K.P ′)(P.P‖.K ′) + (P ′.K ′)(P.P‖.K)− 2(P.P ′)(K.P‖.K ′)]
− 4g4M2
[ 2Π‖R(Q)
Q4(Q2 −Π‖R(Q))
(K.P‖.K ′) +
(Π‖R(Q))2
Q4(Q2 −Π‖R(Q))2
(K.P‖.K ′)
]
. (4.26)
where the tensor product is
P.P‖.K = PµPµν‖ Kν =
(P.q‖)(K.q‖)
q2‖
− (P.k‖) (4.27)
The expression for the retarded self energy Π‖R is given explicitly in appendix (A). This
completely defines the matrix element squared.
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Energy loss of HQ due to thermal gluons
The contribution of t−channel Compton scattering i.e, Qg → Qg, to the HQ energy loss
can be obtained by using Eq.(4.1) and the interaction rate (Γ) as given in Eq.(4.15). Hence,
one can write [60]
−dE
dx
∣∣∣∣
Qg→Qg
= 12vE
∫
dp′
(2pi)32E′
∫
dk
(2pi)32kf(k0)
∫
dk′
(2pi)32k′ (1 + f(k
′
0))
× (2pi)4δ4(P +K − P ′ −K ′)(E − E′)|M¯|2 (4.28)
The energy and momentum transfer in each scattering are, ω = E − E′ = |k′| − |k| and
q = p−p′ = k′−k. A comment regarding the use of resummed gluon propagator may be
relevant here. The hard contributions to the energy loss (|q| ∼ T ) can be obtained by using
the bare gluon propagator for the Qg → Qg scatterings since the self energy corrections
are negligible at leading order (LO). We confine our attention here for the soft momentum
transfer in the range g
√
eB ≤ |q|  T  √eB [20]. This requires the resummation of
the gluon propagator in the LLL approximation as we have used here. The |p′| integration
in Eq.(4.28) can be performed with the help of momentum delta function. In the soft
momentum transfer limit the energy E′ ≈ E − v · q so that the energy delta function
reduces to δ(ω − v.q). With these simplifications, Eq.(4.28) becomes
−dE
dx
∣∣∣∣
Qg→Qg
= (2pi)16vE2
∫
dk
(2pi)3kf(k)
∫
dk′
(2pi)3k′ (1 + f(k
′))δ(ω − v · q)ω|M¯|2. (4.29)
Now, the simplification of the above 6-dimensional integration requires a proper choice of
the co-ordinate system which should also be compatible with the terms appearing in the
matrix element squared. For this purpose, we choose the direction of the momentum of
the incoming HQ along the zˆ-axis which is also the direction of the magnetic field. We
denote the angle made by k and k′ with the zˆ-axis as θk and θk′ respectively. Further, the
azimuthal angles made by the two momenta of the incoming and outgoing gluon are φk
and φk′ respectively. Therefore, the energy loss can be written as
−dE
dx
∣∣∣∣
Qg→Qg
= 1(2pi)516vE2
∫
kdkf(k)
∫
k′dk′(1 + f(k′))
∫ 1
−1
dx
∫ 1
−1
dy
∫ 2pi
0
dφk
×
∫ 2pi
0
dφk′ |M¯|2ωδ(ω − vk′y + vkx) (4.30)
where, x = cos θk and y = cos θk′ . Now, we introduce a new integration variable ω which
will take care of one of the angular integrations x or y.∫ ∞
0
dωδ[ω − k(1− vx)] = 1 (4.31)
Using these two δ-functions, we perform x and y angular integrations by writing the δ-
functions as δ[ω − k(1 − vx)] = 1vkδ(x − k−ωvk ) and δ(ω − vk′y + vkx) = 1vk′ δ(y − ω+vkxvk′ ).
So, the final expression of the energy loss becomes:
−dE
dx
∣∣∣∣
Qg→Qg
= 1(2pi)516vE2
∫ ∞
0
ωdω
∫ ω
1−v
ω
1+v
f(k)dk
∫
(1 + f(k′))dk′
∫ 2pi
0
dφk
×
∫ 2pi
0
dφk′ |M¯|2 (4.32)
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The explicit form of the four-vector product and the tensor contractions in the matrix
element squared are elaborately given in the appendix(C).
5 Results and discussion
The two scatterings that contribute to the HQ energy loss are Qq → Qq evaluated in
Eq.4.14 and t channel Qg → Qg evaluated in Eq.4.32. as mentioned earlier, we have
confined our attention to the case where the typical momentum transfer from light partons
to HQ is soft i.e., g
√
eB ≤ |k|  T  M . Therefore, we have used the resummed
gluon propagator in the evaluation of the matrix element squared for these two processes.
To simplify our calculations for energy loss we take HQ momentum ~p = (0, 0, pz) and
magnetic field ~B = Bzˆ. For the numerical purpose we take HQ as the charm quark with
massM = 1.2 GeV, temperature T = 0.25 GeV and magnetic field eB = 0.1 GeV2 (∼ 5m2pi)
so that the condition eB  T 2 is satisfied. Since eB  T 2, only LLL will be populated
by the light quarks. We also take finite mass (mf ) of light quarks in the gluon self energy
diagram. The energy loss contributions using Eqs.(4.32) and (4.14) has been plotted in
Fig.(3). In the left side of Fig.(3), we have shown the variation of the energy loss taking
contributions from both the scattering processes as a function of velocity of HQ. We have
taken here mf = 10 MeV for the light quark mass and number of flavors nf = 2. At low
velocity the collisional energy loss is very small ∼ 10−6 GeV2, however with increase is HQ
velocity the energy loss increases. While both the scattering processes contribute to the
energy loss, it is observed numerically that the Qg → Qg gives the dominant contribution
to the energy loss for a given value of velocity of the HQ essentially due to larger color
factor compared to the Coulomb scattering.
This behavior is similar to the case of vanishing magnetic field. It ought to be men-
tioned here that in the presence of magnetic field the energy loss is of similar order as
compared to the case of vanishing magnetic field as estimated in Ref.[62]. Indeed, the
asymptotic value for the energy loss (v → 1) of Ref.[62] is given by
dE
dx
= 4pi33− 2nfm
2
D (5.1)
with m2D = 4pi
(
1 + nf6
)
αsT
2 which with the parameters αs = 0.3, nf = 2 and T = 0.25
GeV turns out to be 0.15 GeV2. This may be compared with the magnetic field contribution
given by the red curve in the left panel of Fig.(3) which reaches to the value 0.1 GeV2 in the
same limit. Further, it may be relevant to note that in the limit of vanishing light quark
mass i.e., mf = 0, the magnetic field contribution to the gluon self energy vanishes as ΠR‖ is
proportional tom2f . This will lead to vanishing of the magnetic field dependent contribution
to the energy loss. This is similar to the vanishing of magnetic field contribution for the
dilepton production [18] in the same limit.
In the right panel of Fig.(3), we display the energy loss scaled with T 2 as a function of
magnetic field scaled by pion mass square i.e., eB/m2pi, where mpi is pion mass. We have
taken here T = 0.25 GeV and the magnitude of the heavy quark velocity v = 0.6. As
– 15 –
αs=0.2
αs=0.3
αs=0.4
0.5 0.6 0.7 0.8 0.9
0.00
0.05
0.10
0.15
0.20
0.25
v
-
d
E
/d
x
[G
e
V
2
]
T=0.25 GeV, eB=5mπ
2
5 10 15 20 25 30 35
0.028
0.030
0.032
0.034
0.036
0.038
eB/mπ
2
-
d
E
/d
x
/T
2 T=0.25 GeV, v=0.6
Figure 3. Left panel: Magnetic field dependent contribution to the collisional energy loss as
function of HQ velocity. Here we have taken the light quark mass mf = 10 MeV, flavor nf = 2,
magnetic field eB = 0.1 GeV2(∼ 5m2pi) and temperature T = 0.25 GeV. The blue, red and black
curves corresponds to the coupling constant αs = 0.2, αs = 0.3 and αs = 0.4 respectively. Right
panel: Variation of the collisional energy loss scaled with T 2 as a function of scaled variable eB/m2pi
for light quark mass mf = 10 MeV, temperature T = 0.25 GeV and coupling constant αs = 0.2.
may be observed in the figure the energy loss increases with the increase in the magnetic
field. Numerically, it is seen that Qg → Qg contribution is not affected too much with the
magnetic field. For this process, the magnetic field dependence arises from the resummed
gluon propagator with the field dependent contribution of the quark loop. This quark loop
contribution increases with the magnetic field leading to a mild decrease of the energy loss
due to this process as quark loop contribution lies in the retarded propagator. On the
other hand, for the Coulomb scattering process i.e., Qq → Qq the contribution increase
with increase in the magnetic field. This can be understood as follows; The energy loss
is proportional to ρL that depends on real and imaginary parts of retarded self energies
and related to the spectral function. The spectral function increases with increase in the
magnetic field. This increase of ρL with the magnetic field was also observed in Ref.[18].
It turns out that this increase is significant and the contribution becomes similar order as
the Qg → Qg for larger magnetic field leading to increase of the total energy loss with
magnetic field as observed in Fig.(3).
6 Summary and Conclusion
In the present investigation, we have studied the effect of the magnetic field on the HQ
collisional energy loss in a thermalized QGP medium. We have done the analysis for the
case of strong field limit i.e.,
√
eB  T so that the light quarks are populated only in
the LLL. On the other hand, the heavy quark mass M is much larger than the strength
of the magnetic field (i.e., M  √eB), so that heavy quark is not Landau quantized.
The effect of the magnetic field manifests through resummed retarded/advanced gluon
propagator through quarks loop. Since the gluon loop contribution to the gluon self energy
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is proportional to αsT 2 and the quark loop contribution is proportional to αseB, in the limit√
eB  T the gluon loop contribution in the gluon resummed propagator is not taken into
account. For the scattering of HQ with the thermalized light partons we have considered
the soft momentum transfer limit i.e., g
√
eB ≤ |k|  T  √eB. With M  √eB and
the in the LLL approximation the relevant scattering processes are Coulomb scattering
i.e., Qq → Qq and t-channel Compton scattering Qg → Qg. The u and the s channels of
the Compton scatterings are not affected by the magnetic field. For a given magnitude of
the heavy quark velocity, the Compton scattering process is dominant over the Coulomb
scattering process for the range of the magnetic field considered here.
It is observed that of the two processes, the Coulomb scattering process is more sen-
sitive to the magnetic field as its contribution to the energy loss is proportional to the
spectral function which increases with increase in the magnetic field. This leads to a net
increase in the energy loss with increase in the magnetic field. It turns out that in this
strong field limit, the magnetic field dependent collisional energy loss (for eB = 5m2pi) is
comparable to the same in the vanishing field limit and therefore could be important for
the jet quenching phenomena in HICs. However, In a realistic situation in HIC up to
what extent the magnetic field can affect the collisional energy loss will also depend on the
medium response to the magnetic field and require further investigations. In the vacuum,
the magnetic field decreases very rapidly however, in a system with finite electrical con-
ductivity, magnetic field satisfies diffusion equation and the relaxation time of the external
magnetic field depends on the electrical conductivity of the system. In a system with larger
conductivity magnetic field can sustain and resonably be strong for a longer period of time.
However, it ought to be mentioned that this requires a proper estimation of the electrical
conductivity of the medium as well as solutions of magneto hydrodynamic equations which
needs further investigations. Furthermore, for smaller values of magnetic field one must
include the effect of higher Landau levels.
We would like to mention here that the present investigation is a first attempt to include
the effect of magnetic field in the collisional energy loss. However, for the large momentum
of heavy quark, the radiative contribution to the energy loss may also be relevant and
could be affected by the magnetic field. This apart, for a moderate value of magnetic field
eB ∼ T 2 the contributions arising from the higher Landau levels could also be important
for the energy loss and hence jet quenching. In this case, one must take the contribution
of gluon loops in the gluon self energy for the resummed gluon propagator as well as the
contribution from the s and u channels of Compton scattering. Some of these problems
are relegated to future investigations. We also emphasize on the fact that our results are
reliable only in the strong magnetic field limit where the LLL approximation is reasonable.
A Gluon self energy
In the RTF, the retarded self energy of gluon in the Keldysh basis can be written as
ΠµνR (p0,p) = Π
µν
11 (p0,p) + Π
µν
12 (p0,p) (A.1)
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where Πµν11 and Π
µν
12 are 11 and 12 component of the gluon self energy. Both 11 and 22
components of self energy can be obtained by using the quark propagators to acquire
ΠµνR (p0,p) = −ig2tatbΩ
∫
d2k‖
(2pi)2
(
Tr[γµS11(Q)γνS11(K)− γµS21(Q)γνS12(Q)]
)
.(A.2)
where
Ω = |qfB|8pi exp
(
− p
2
⊥
|2qfB|
)
. (A.3)
In Eq.(A.2), the B dependent term (i.e., Ω) comes from the transverse part in the quark
propagator. In the LLL, the dynamics in the transverse direction is restricted due to
dimensional reduction from (3+1)-dimension to (1+1)-dimension. Therefore, the gauge
invariant form of the gluon self energy in a magnetic field background can be written as
ΠµνR (p0,p) = Π
‖
R(P )
(
gµν‖ −
pµ‖p
µ
‖
p2‖
)
. (A.4)
To estimate the energy loss, we need Π‖R(P ) which can be obtained from the relation
Π‖R(P ) = −(p2‖/p2z)Π00R (p0,p). Therefore, we focus only on the time-like component (Π00R )
of retarded self energy. Taking the trace over Dirac matrices in Eq.(A.2), we get
Π00R (p0,p) = −i8g2tatbΩ
∫
d2k‖
(2pi)2 (K · Q)
(
∆11(Q)∆11(K)−∆21(Q)∆12(K)
)
(A.5)
where ∆11 and ∆12 are defined in Eqs.(4.5) and (4.6) with K·Q = k0q0+kzqz+m2. Similar
to ∆11, ∆21 can also be obtained from S21. Eq.(A.5) can further be simplified by writing
the propagators ∆ij in terms of the retarded, advanced and Feynman propagators similar
to Eqs.(3.15), (3.16) and (3.17) to acquire
Π00R (p0,p) = −i4g2tatbΩ
∫
d2k‖
(2pi)2 (K · Q)
(
∆F (Q)∆R(K) + ∆A(Q)∆F (K)
)
. (A.6)
Replacing K → −Q and using the relation ∆R(−Q) = ∆A(Q), Eq.(A.6) becomes
Π00R (p0,p) = 2pig2tatbΩ
∫
d2k‖
(2pi)2 (K · Q)(1− 2f˜(k0))δ(k
2
‖ −m2f )
1
q2‖ −m2f − iq0
(A.7)
The first term of Eq.(A.7) which is independent of the Fermi Dirac distribution function, is
the vacuum contribution to the time-like component of the gluon self energy. The time-like
component of the gluon self energy can be separated into the vacuum and the thermal
parts to get
Π00R (p0,p) = Π00R (p0,p)|vac + Π00R (p0,p)|th (A.8)
where the vacuum term is given as [20]
Π00R (p0,p)|vac =
2g2tatbΩp2z
p2‖ + ip0
[
1− 4m
2
f√
p2‖(4m2f − p2‖)
arctan
( p2‖√
p2‖(4m2f − p2‖)
)]
. (A.9)
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For the thermal contribution to the time-like component of the gluon self energy, the energy
integral in Eq.(A.7) can be done by using the energy delta function to obtain
Π00R (p0,p)|th = −
2pig2tatbΩm2fp2z
p2‖
(
J0(P ) + 2pz
p2‖
J1(P )
)
. (A.10)
with
Ja =
∫ ∞
−∞
dkz
2piE f˜(E)
kaz
(kz − pz/2)2 − p20/4 + p20m2f/p2‖ − ip0
(A.11)
where a = 0, 1. Using Eq.(A.10) and the relation Π‖R(P ) = −(p2‖/p2z)Π00R (p0,p), the parallel
component of the medium dependent gluon self energy can be written as
Π‖R(P ) = 2pig
2tatbΩm2f
[
J0(P ) + 2pz
p2‖
J1(P )
]
(A.12)
Imaginary part of the gluon self energy: The imaginary part of the retarded self
energy of the gluon can be obtained from the imaginary part of the 11 component of gluon
self energy by using the relation [74]
=ΠµνR (p0,p) = (1− f˜(p0))=Πµν11 (p0,p) (A.13)
where
Πµν11 (p0,p) = ig2tatb
∫
d2k⊥
(2pi)2 e
− k
2
⊥+q
2
⊥
|qfB|
∫
d2k‖
(2pi)2Tr[γ
µS11(K)γνS11(Q)]. (A.14)
S11(P ) in Eq.(A.14), is the 11 component of the quark propagator in RTF that can be
obtained from the retarded, advanced and Feynman propagators by using the relation as
given in Eq.(3.15). Using the Eqs.(3.23) and (3.24), the imaginary part of Πµν11 (P ) can be
written as
=Πµν11 (p0,p) = pig2tatbΩ
∫ ∞
−∞
dkz
2pi
1
4EkEq
[(
1− f˜(Ek)− f˜(Eq) + 2f˜(Ek)f˜(Eq)
)
×
(
N µν(k0 = Ek)δ(p0 − Ek − Eq) +N µν(k0 = −Ek)δ(p0 + Ek + Eq)
)
+
(
− f˜(Ek)− f˜(Eq) + 2f˜(Ek)f˜(Eq)
)(
N µν(k0 = −Ek)δ(p0 − Ek + Eq)
+ N µν(k0 = Ek)δ(p0 + Ek − Eq)
)]
(A.15)
where
N µν = Tr[γµS0(K)γνS0(Q)] (A.16)
with
S0(K) = (/k‖ +mf )(1 + iγ1γ2). (A.17)
The imaginary part of the retarded self energy i.e., =Π‖R can be obtained from =Π00R by
using the general structure of the retarded self energy as given in Eq.(A.4). So only the
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time-like component of =Πµν11 i,e., =Π0011 is relevant which can be obtained from Eq.(A.15).
The momentum integration in Eq.(A.15) can be done by using the energy delta functions.
Let us first simplify the energy delta functions and re-write those in terms of kz. By using
the relation
δ(f(x)) =
∑
n
δ(x− xn)∣∣∣∣∂f(x)∂x ∣∣∣∣
x=xn
. (A.18)
one can write
δ(p0 − Ek − Eq) =
δ(kz − k0z)Ek0zEq0z
k0z(Ek0z + Eq0z )
+
δ(kz − k1z)Ek1zEq1z
k1z(Ek1z + Eq1z )
, (A.19)
δ(p0 + Ek − Eq) =
δ(kz − k0z)Ek0zEq0z
k0z(Ek0z − Eq0z )
+
δ(kz − k1z)Ek1zEq1z
k1z(Ek1z − Eq1z )
, (A.20)
where
k0z = −
pz
2 +
1
2|p‖|
√
p2zp
2
‖ − 4p20m2f + p4‖, (A.21)
and
k1z = −
pz
2 −
1
2|p‖|
√
p2zp
2
‖ − 4p20m2f + p4‖. (A.22)
With further simplification, the imaginary part of Π0011 can be written as
=Π0011(p0,p) = g2tatbΩpi2m2f
[( 1
k0z(Ek0z + Eq0z )
+ 1
k1z(Ek1z + Eq1z )
)
− (f˜(k0z) + f˜(q0z)
− 2f˜(k0z)f˜(q0z))
( 2Ek0z
k0zpz(2k0z + pz)
)
− (f˜(k1z) + f˜(q1z)− 2f˜(k1z)f˜(q1z))
×
( 2Ek1z
k1zpz(2k1z + pz)
)]
. (A.23)
As mentioned earlier, Eq.(A.23) can be used to obtain =Π‖R. In the HTL limit, the thermal
contribution to the transverse and longitudinal components of the gluon self energy that
comes from the gluon loop is given as
ΠLR(P ) =
g2T 2Nc
3 [−1 +Q(x)] (A.24)
and
ΠTR(P ) =
g2T 2Nc
6 [x
2 + (1− x2)Q(x)] (A.25)
where x = p0|p| . The function Q(x) is given as
Q(x) = x2
(
ln
∣∣∣∣1 + x1− x
∣∣∣∣− ipiθ(1− x2)). (A.26)
B Qg → Qg scattering
The contracted terms of Eq.(4.25) are
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Term-1:
T µν1 Aµν = −
16Π‖R(q)
q4(q2 −Π‖R(q))
[PµP ′ν + P ′µP ν − (P.P ′)gµν ][KµK ′δP ‖δν +K ′µKδP ‖δν ]
= − 16Π
‖
R(q)
q4(q2 −Π‖R(q))
[(P.K)(K ′.P‖.P ′) + (P.K ′)(K.P‖.P ′)
+ (K.P ′)(K ′.P‖.P ) + (P ′.K ′)(K.P‖.P )− 2(P.P ′)(K ′.P‖.K)]. (B.1)
Term-2:
T µν1 Bµν = −
16Π‖R(q)
q4(q2 −Π‖R(q))
[PµP ′ν + P ′µP ν − (P.P ′)gµν ][KδP ‖δµK ′ν +K ′δP ‖δµKν ]
= − 16Π
‖
R(q)
q4(q2 −Π‖R(q))
[(P ′.K ′)(K.P‖.P ) + (K.P ′)(K ′.P‖.P )
+ (P.K ′)(K.P‖.P ′) + (P.K)(K ′.P‖.P ′)− 2(P.P ′)(K.P‖.K ′)]. (B.2)
Term3:
T µν1 Cµν =
16(Π‖R(q))2
q4(q2 −Π‖R(q))2
[PµP ′ν + P ′µP ν − (P.P ′)gµν ][KδP ‖δµK ′δ
′
P
‖
δ′ν +K
′δP ‖δµK
δ′P
‖
δ′ν ]
= 16(Π
‖
R(q))2
q4(q2 −Π‖R(q))2
[(K.P‖.P )(K ′.P‖.P ′) + (K ′.P‖.P )(K.P‖.P ′)
+ (K.P‖.P ′)(K ′.P‖.P ) + (K ′.P‖.P ′)(K.P‖.P ) + 2(P.P ′)(K.P‖.K ′)]. (B.3)
Here, we make use of the identity:
gµνP
‖
δµP
‖
δ′ν = −P ‖δδ′ . (B.4)
Term-4:
T µν2 Aµν = −
16M2Π‖R(q)
q4(q2 −Π‖R(q))
gµν [KµK ′δP ‖δν +K
′
µK
δP
‖
δν ]
= − 32M
2Π‖R(q)
q4(q2 −Π‖R(q))
(K.P‖.K ′). (B.5)
Term-5:
T µν2 Bµν = −
16M2Π‖R(q)
q4(q2 −Π‖(q)R)
gµν [KδP ‖δµK
′
ν +K ′δP
‖
δµKν ]
= − 32M
2Π‖(q)
q4(q2 −Π‖(q))
(K.P‖.K ′). (B.6)
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Term-6:
T µν2 Cµν =
16M2(Π‖R(q))2
q4(q2 −Π‖R(q))2
gµν [KδP ‖δµK
′δ′P ‖δ′ν +K
′δP ‖δµK
δ′P
‖
δ′ν ]
= − 32M
2(Π‖R(q))2
q4(q2 −Π‖R(q))2
(K.P‖.K ′). (B.7)
C Four vector product and tensor contractions
With the assumption that the HQ quark moves in the direction of the magnetic field, the
four-vector products in the matrix element squared i.e., |M¯|2 as given in Eq.(4.26) can be
given as
P.K = Ek0 − p.k = Ek0 − pk cos θk = Ek0 − pkx
P.K ′ = Ek′0 − p · k′ = Ek′0 − pk′y
P ′.K = E′k0 − (p+ k− k′) · k = Ek0 − vkk′y + vk2x− pkx− k2 + k · k′
P ′.K ′ = E′k′0 − (p+ k− k′) · k′ = Ek′0 − vk′2y + vkk′x− pk′y + k′2 − k · k′
P.P ′ = EE′ − p · (p− q) = M2. (C.1)
Here k.k′ = kk′[
√
(1− x2)(1− y2)(cosφk cosφk′ + sinφk sinφk′) +xy] with x = cos θk, y =
cos θk′ and with the magnitude of momenta, in general, k = |k|. The tensor contractions
can be splitted into the four-vector dot products as
P.P‖.K =
(P.q‖)(K.q‖)
q2‖
− P.K‖
P.P‖.K ′ =
(P.q‖)(K ′.q‖)
q2‖
− P.K ′‖
P ′.P‖.K =
(P ′.q‖)(K.q‖)
q2‖
− P ′.K‖
P ′.P‖.K ′ =
(P ′.q‖)(K ′.q‖)
q2‖
− P ′.K ′‖
K.P‖.K ′ =
(K.q‖)(K ′.q‖)
q2‖
−K.K ′‖ (C.2)
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The dot products in Eq.C.2 can also be simplified by taking the same assumption for the
heavy quark motion as
P.q‖ = Eω − pqz = Eω − p(k′z − kz) = Eω − pk′y + pkx
K.q‖ = ωk0 − kzqz = ωk0 − kz(k′z − kz) = ωk0 − kk′xy + k2x2
K ′.q‖ = ωk′0 − k′z(k′z − kz) = ωk′0 − k′2y2 + kk′xy
P ′.q‖ = E′ω − (p+ kz − k′z)(k′z − kz)
= Eω − vωk′y + vωkx− pk′y + pkx+ k2x2 + k′2y2 − 2kk′xy
P.K‖ = Ek0 − pkz = Ek0 − pkx
P.K ′‖ = Ek′0 − pk′y
P ′.K‖ = E′k0 − (pz + kz − k′z)kz = Ek0 − vkk′y + vk2x− pkx− k2x2 + kk′xy
P ′.K ′‖ = E′k′0 − (p+ kz − k′z)k′z = Ek′0 − vk′2y + vkk′x− pk′y − kk′xy + k′2y2
K.K ′‖ = k0k′0 − kzk′z (C.3)
References
[1] D. E. Kharzeev, L. D. McLerran and H. J. Warringa, The Effects of topological charge change
in heavy ion collisions: Event by event P and CP violation Nucl. Phys. A 803, 227 (2008)
[2] V. Skokov, A. Y. Illarionov, and V. Toneev, Estimate of the magnetic field strength in Heavy
Ion Collisions, Int. J. Mod. Phys. A 24, 5925 (2009).
[3] V. Voronyuk, V. Toneev, W. Cassing, E. L. Bratkovskaya, V. Konchakovski, and S. Voloshin,
(Electro-)Magnetic field evolution in relativistic heavy-ion collisions, Phys. Rev. C 83,
054911 (2011).
[4] W. Deng, and X. Huang, Event-by-event generation of electromagnetic fields in heavy-ion
collisions, Phys. Rev. C 85, 044907 (2012).
[5] A. Bzdak, and V. Skokov, Event-by-event fluctuations of magnetic and electric fields in heavy
ion collisions, Phys. Lett. B 710, 171 (2012).
[6] Y. Zhong, C. Yang, X. Cai, and S. Feng, A Systematic Study of Magnetic Field in
Relativistic Heavy-Ion Collisions in the RHIC and LHC Energy Regions, Adv. in High
Energy Phys., Volume 2014, Article: 193039.
[7] D. Kharzeev, L. McLerran, and H. Warringa, The effects of topological charge change in
heavy ion collisions: âĂĲEvent by event and P and CP violationâĂİ, Nucl. Phys. A 803,
227 (2008).
[8] K. Fukushima, D. Kharzeev, and H. Warringa, Chiral magnetic effect, Phys. Rev. D 78,
074033 (2008).
[9] D. Kharzeev, and H. Yee, Chiral magnetic wave, Phys. Rev. D 83, 085007 (2011).
[10] G. M. Newman, Anomalous hydrodynamics, J. High Energy Phys. 01 (2006) 158.
[11] Y. Burnier, D. Kharzeev, J. Liao, and H. Yee, Chiral Magnetic Wave at Finite Baryon
Density and the Electric Quadrupole Moment of the Quark-Gluon Plasma, Phys. Rev. Lett.
107, 052303 (2011).
– 23 –
[12] E. Gorbar, V. Miransky, and I. Shovkovy, Normal ground state of dense relativistic matter in
a magnetic field, Phys. Rev. D. 83, 085003 (2011).
[13] B. Feng, Electric conductivity and Hall conductivity of the QGP in a magnetic field, Phys.
Rev. D 96, 036009 (2017).
[14] K. Fukushima, and Y. Hidaka, Electric Conductivity of Hot and Dense Quark Matter in a
Magnetic Field with Landau Level Resummation via Kinetic Equations, Phys. Rev. Lett.
120, 162301 (2018).
[15] M. Kurian and V. Chandra, Bulk viscosity of a hot QCD medium in a strong magnetic field
within the relaxation-time approximation, Phys. Rev. D 97, no. 11, 116008 (2018)
[16] M. Hasan, B. Chatterjee, and B. K. Patra, Heavy quark potential in a static and strong
homogeneous magnetic field, Eur. Phys. J. C 77, 767 (2017).
[17] B. Singh, L. Thakur, and H. Mishra, Heavy quark complex potential in a strongly magnetized
hot QGP medium, Phys. Rev. D 97, 096011 (2018).
[18] A. Bandyopadhyay, C. A. Islam and M. G. Mustafa, Electromagnetic spectral properties and
Debye screening of a strongly magnetized hot medium, Phys. Rev. D 94, no. 11, 114034 (2016)
[19] K. Tuchin, Photon decay in strong magnetic field in heavy-ion collisions, Phys. Rev. C 83,
017901 (2011)
[20] K. Fukushima, K. Hattori, H. Yee, and Y. Yin, Heavy Quark Diffusion in Strong Magnetic
Fields at Weak Coupling and Implications for Elliptic Flow, Phys. Rev. D 93, 074028 (2016).
[21] M. kurian, S. K. Das, and V. Chandra, Heavy quark dynamics in a hot magnetized QCD
medium, Phys. Rev. D 100, 074003 (2019).
[22] S. Li, K. A. Mamo and H. U. Yee, Jet quenching parameter of the quark-gluon plasma in a
strong magnetic field: Perturbative QCD and AdS/CFT correspondence, Phys. Rev. D 94,
no. 8, 085016 (2016)
[23] K. Tuchin, Time and space dependence of the electromagnetic field in relativistic heavy-ion
collisions, Phys. Rev. C 88, 024911 (2013).
[24] K. Tuchin, Initial value problem for magnetic fields in heavy ion collisions, Phys. rev. C. 93,
014905 (2016).
[25] L. McLerran, and V. Skokov, Comments about the electromagnetic field in heavy-ion
collisions, Nucl. Phys. A. 929, 184 (2014).
[26] K. Tuchin, Particle Production in Strong Electromagnetic Fields in Relativistic Heavy-Ion
Collisions, Adv. High Energy Phys. 2013, 1 (2013).
[27] K. Fukushima, Simulating net particle production and chiral magnetic current in a CP-odd
domain, Phys. Rev. D 92, 054009 (2015).
[28] K. Mamo, and H. Yee, Thermalization of quark-gluon plasma in magnetic field at strong
coupling, Phys. Rev. D 92, 105005 (2015).
[29] U. Gursoy, D. Kharzeev, and K. Rajagopal, Magnetohydrodynamics and charged currents in
heavy ion collisions , Nucl. Phys. A 931, 986 (2014).
[30] G. Inghirami, L. Zanna, A. Beraudo, M. Moghaddam, F. Becattini, and M. Bleicher,
Numerical magneto-hydrodynamics for relativistic nuclear collisions, Eur. Phys. J. C 76, 659
(2016).
– 24 –
[31] A. Das, S. Dave, P. Saumia, and A. Srivastava, Effects of magnetic field on plasma evolution
in relativistic heavy-ion collisions, Phys. Rev. C 96, 034902 (2017).
[32] P. F. Kolb and R. Rapp, Transverse flow and hadrochemistry in Au+Au collisions at
(S(NN))**(1/2) = 200-GeV, Phys. Rev. C 67 (2003), 044903 [arXiv:hep-ph/0210222
[hep-ph]].
[33] K. Tuchin, Particle production in strong electromagnetic fields in relativistic heavy-ion
collisions, Adv. High Energy Phys. 2013 (2013), 490495 [arXiv:1301.0099 [hep-ph]].
[34] K. Tuchin, Synchrotron radiation by fast fermions in heavy-ion collisions, Phys. Rev. C 82
(2010), 034904 [arXiv:1006.3051 [nucl-th]].
[35] Y. Yin, Electrical conductivity of the quark-gluon plasma and soft photon spectrum in
heavy-ion collisions, Phys. Rev. C 90 (2014) no.4, 044903 [arXiv:1312.4434 [nucl-th]].
[36] S. Gupta, The Electrical conductivity and soft photon emissivity of the QCD plasma, Phys.
Lett. B 597 (2004), 57-62 [arXiv:hep-lat/0301006 [hep-lat]].
[37] C. Machado, F. Navarra, E. G. Oloveira, J. Noronha, and M. Strickland, Heavy quarkonium
production in a strong magnetic field, Phys. Rev. D 88, 034009 (2013).
[38] C. Machado, S. Finazzo, R. Matheus, and J. Noronha, Modification of the B meson mass in
a magnetic field from QCD sum rules, Phys. Rev. D 89, 074027 (2014).
[39] P. Gubler, K. Hattori, S. H. Lee, M. Oka, S. Ozaki, and K. Suzuki, D mesons in a magnetic
field, Phys. Rev. 93, 054026 (2016).
[40] K. Marasinghe, and K. Tuchin, Quarkonium dissociation in quark-gluon plasma via
ionization in a magnetic field, phys. Rev. C 84, 044908 (2011).
[41] J. Alford, and M. Strickland, Charmonia and bottomonia in a magnetic field, Phys. Rev. D
88, 105017 (2013).
[42] S.Cho, K. Hattori, S. H. Lee, K. Morita, and S. Ozaki, QCD Sum Rules for Magnetically
Induced Mixing between ηC and J/ψ, Phys. Rev. Lett. 113, 172301 (2014).
[43] X. Guo, S. Shi, N. Xu, Z. Xu, and P. Zhuang, Magnetic field effect on charmonium
formation in high energy nuclear collisions, Phys. Lett. B 751, 215 (2015).
[44] C. Bonati, M. D’Elia, and A. Rucci, Heavy quarkonia in strong magnetic fields, Phys. Rev. D
92, 054014 (2015).
[45] R. Rougemont, R. Critelli, and J. Noronha, Anisotropic heavy quark potential in
strongly-coupled N=4 SYM theory in a magnetic field, Phys. Rev. D 91, 066001 (2015).
[46] A. Sadofyev, and Y. Yin, The charmonium dissociation in an âĂĲanomalous windâĂİ, J.
High Energy Phys. 01 (2016) 052.
[47] N. Dutta, and S. Mazumder, Majorana flipping of quarkonium spin states in transient
magnetic field, Eur.Phys.J. C 78 (2018) no.6, 525.
[48] A. Mishra, A. Jahan CS, S. Kesarwani, H. Raval, S. Kumar and J. Meena, Charmonium
decay widths in magnetized matter, Eur. Phys. J. A 55, no. 6, 99 (2019)
[49] J. C. S. Amal, N. Dhale, R. P. Sushruth, S. Kesarwani and A. Mishra, Charmonium states in
strong magnetic fields, Phys. Rev. C 98, no. 6, 065202 (2018)
[50] S. Reddy P., A. Jahan C. S., N. Dhale, A. Mishra and J. Schaffner-Bielich, D mesons in
strongly magnetized asymmetric nuclear matter, Phys. Rev. C 97, no. 6, 065208 (2018)
– 25 –
[51] K. Rajagopal, and A. Sadofyev, Chiral drag force, J. High Energy Phys. 10, 018 (2015).
[52] M. Xie, S. Y. Wei, G. Y. Qin and H. Z. Zhang, Extracting jet transport coefficient via single
hadron and dihadron productions in high-energy heavy-ion collisions, Eur. Phys. J. C 79, no.
7, 589 (2019)
[53] J. D. Bjorken,Fermilab Report No. PUB-82/59-THY, 1982.
[54] C. Han, D. f. Hou, B. f. Jiang and J. r. Li, Jet energy loss in quark-gluon plasma: Kinetic
theory with a Bhatnagar-Gross-Krook collisional kernel, Eur. Phys. J. A 53, no. 10, 205
(2017).
[55] F. Arleo, Quenching of Hadron Spectra in Heavy Ion Collisions at the LHC, Phys. Rev. Lett.
119, no. 6, 062302 (2017)
[56] S. Cao and X. N. Wang, Jet quenching and medium response in high-energy heavy-ion
collisions: a review, arXiv:2002.04028 [hep-ph].
[57] R. Abir, U. Jamil, M. G. Mustafa and D. K. Srivastava, Heavy quark energy loss and
D-mesons in RHIC and LHC energies, Phys. Lett. B 715, 183 (2012)
[58] M. Djordjevic and M. Gyulassy, Heavy quark radiative energy loss in QCD matter, Nucl.
Phys. A 733 (2004), 265-298 [arXiv:nucl-th/0310076 [nucl-th]].
[59] M. Gyulassy, P. Levai and I. Vitev, Reaction operator approach to nonAbelian energy loss,
Nucl. Phys. B 594 (2001), 371-419 doi:10.1016/S0550-3213(00)00652-0
[arXiv:nucl-th/0006010 [nucl-th]].
[60] E. Braaten and M. H. Thoma, Energy loss of a heavy fermion in a hot plasma, Phys. Rev. D
44, 1298 (1991).
[61] S. Peigne and A. Peshier, Collisional Energy Loss of a Fast Muon in a Hot QED
Plasma,Phys. Rev. D 77, 014015 (2008)
[62] S. Peigne and A. Peshier, Collisional energy loss of a fast heavy quark in a quark-gluon
plasma, Phys. Rev. D 77, 114017 (2008)
[63] J. Bielcik [STAR Collaboration], Centrality dependence of heavy flavor production from
single electron measurement in s(NN)**(1/2) = 200-GeV Au + Au collisions, Nucl. Phys. A
774, 697 (2006)
[64] S. S. Adler et al. [PHENIX Collaboration], Nuclear modification of electron spectra and
implications for heavy quark energy loss in Au+Au collisions at s(NN)**(1/2) - 200-GeV,
Phys. Rev. Lett. 96, 032301 (2006)
[65] S. Wicks, W. Horowitz, M. Djordjevic and M. Gyulassy, Elastic, inelastic, and path length
fluctuations in jet tomography, Nucl. Phys. A 784, 426 (2007)
[66] M. Connors, C. Nattrass, R. Reed and S. Salur, Jet measurements in heavy ion physics, Rev.
Mod. Phys. 90, 025005 (2018)
[67] M. Rohrmoser, P. B. Gossiaux, T. Gousset and J. Aichelin, Discrimination of effective
radiative and collisional in-medium energy-loss models by their effects on angular jet
structure, Acta Phys. Polon. B 49, 1325 (2018)
[68] T. Edmonds, Q. Li and F. Wang, Collisional broadening of angular correlations in a
multiphase transport model, Nucl. Phys. A 966, 124 (2017)
[69] G. Coci, F. Scardina and V. Greco, Heavy quark dynamics within a Boltzmann transport
model: radiative vs collisional energy loss, J. Phys. Conf. Ser. 832, no. 1, 012022 (2017)
– 26 –
[70] K. Fukushima and Y. Hidaka, Resummation for the Field-theoretical Derivation of the
Negative Magnetoresistance, arXiv:1906.02683 [hep-ph].
[71] V. P. Gusynin, V. A. Miransky and I. A. Shovkovy, Dimensional reduction and catalysis of
dynamical symmetry breaking by a magnetic field, Nucl. Phys. B 462, 249 (1996)
[72] K. Hattori and D. Satow, Gluon spectrum in a quark-gluon plasma under strong magnetic
fields, Phys. Rev. D 97, no. 1, 014023 (2018)
[73] M. H. Thoma, New developments and applications of thermal field theory, hep-ph/0010164.
[74] M. L. Bellac,Thermal Field Theory, Cambridge University Press, Cambridge, UK, 2000.
– 27 –
